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METHOD OF REMOVAL OF SULFUR FROM 
COAL AND PETROLEUM PRODUCTS 
STATEMENT OF GOVERNMENT RIGHTS 
The present invention was made with the support of 
DOE/T ETC UCR Grant DE-FG22-92PC92531. The 
Government has certain rights to this invention. 
BACKGROUND OF THE INVENTION 
Chemical methods for removing sulfur from coal 
currently being developed include oxidation (e.g., using 
oxygen, air, ferric sulfate, chlorine, nitrogen oxides, 
nitric acid, ozone, or hydrogen peroxide); caustic leach 
ing; and reduction with hydrogen, zerovalent metals, 
and single electron transfer agents. Other methods in 
clude supercritical extraction with ethanol, and combi 
nation methods such as a three-step sequence of chart 
ing, acid leaching, and hydrodesulfurization. Microbial 
and “super-base” desulfurization is also being studied as 
is deoxygenation of phenols by CO via metal com 
plexes. Sonication has also been employed to enhance 
oxidative desulfurization. For coal liquids, hydrodesul 
furization (using hydrogen with or without supported 
molybdenum and cobalt catalysts) can remove approxi 
mately 90% of the organic sulfur under elevated pres 
sure at temperatures up to 500° C. None of these meth 
ods is yet completely satisfactory, however, especially 
for organically bound sulfur. 
Coordination complexes such as Ir(Sz)(dppe)2+ and 
Cp4Fe4S6 are known to lose all or part of their sulfur to 
phosphines (PR3) to form phosphine sul?des (R3P=S). 
See, A. P. Ginsberg et al., Inorg. Chem, 21, 3666 (1982) 
and G. J. Kubas et al., Inorg. Chem, 20, 2667 (1981). 
More, recently it was shown that PR3 compounds can 
reduce FeS; to Feo,95S upon heating and that iron can 
remove sulfur from (n-Bu)3P=S at 300° C. to give FeS. 
The FeS2 in Spring?eld No. 5 coal also was converted 
to FeS in the presence of (n-Bu)3P and Nujol at 260° C. 
See, J. Hoots, Ph.D. Thesis, University of Illinois 
(1984), pages 133-183. However, this was not particu 
larly efficient as only part of the sulfur was removed. 
A severe problem with sulfur-bearing coals is that 
much, if not most, of the organic sulfur is present as 
thiophenes, which are particularly resistant to chemical 
desulfurization. See, L. M. Stock et al., Emery and 
Fuels, 3, 651 (1989) and W. H. Calkins, Fuel, 73,475 
(1994). A speci?c example of such a thiophene is diben 
zothiophene (DBT). 
R1 R3 : : 
R1 S R4 S 
thiophenes DBT 
Thus, what is needed is a method for the effective and 
ef?cient removal of sulfur from coal or other sulfur 
containing petroleum products, particularly those mate 
rials containing signi?cant amounts of organically 
bound sulfur. 
SUMMARY OF THE INVENTION 
The present invention is directed to methods of re 
moving at least a portion of sulfur from sulfur-bearing 
materials such as coal (including coal-derived products) 
and petroleum products (e.g., heavy residua or dis 
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carded tires), i.e., whether in a solid or liquid form. 
Using the methods of the present invention, preferably 
greater than about 50% of the total sulfur is removed, 
more preferably at least about 70% of the total sulfur is 
removed, and most preferably at least about 90% of the 
total sulfur is removed. Certain preferred embodiments 
of the method for solids, i.e., solid coal and petroleum 
products, involve contacting a sample of the material 
under a reduced pressure with an organophosphorus 
compound of the formula PR3 (phosphines) or P(OR)3 
(phosphites), wherein each R is independently an ali 
phatic or aromatic group; and heating the mixture at a 
temperature (preferably at least about 150° C.) and for a 
time suf?cient to remove at least a portion of the sulfur 
from the coal. For liquid coal and petroleum products 
(which can also include “semiliquids”) reduced pressure 
is not required for advantageous results. 
The organophosphorus compound is preferably a 
phosphine or phosphite wherein each R is indepen 
dently a (C1.50)aliphatic group or a (C5.50)aromatic 
group. Particularly preferred organophosphorus com 
pounds are those in which R is a (Cz-3)alkyl group or a 
(C(,10)ary1 group. Preferably, the organophosphorus 
compound is a phosphine. In certain preferred embodi 
ments, the organophosphorus compound is water solu 
ble. In other preferred embodiments in which the sul 
fur-containing material is a liquid, the; organophospho 
rus compound is bound to a solid support. 
The removal of sulfur from coal and petroleum prod 
ucts, whether solid or liquid, can be enhanced by the 
use of a metal catalyst having a metal in the +2 or +3 
oxidation state. Typically, this catalyst is present in the 
reaction mixture, e.g., organophosphorus compound 
and coal or petroleum product, during the heating step. 
Also, the removal of sulfur from sulfur-bearing materi 
als such as coal or petroleum products, whether solid of 
liquid, can be enhanced by the use of a metal sul?de 
compound. This can be present in the reaction :mixture 
during the heating step or it can be used subsequent 
thereto. It could also be present in a separate container. 
For example, the organophosphine sul?de formed upon 
abstraction of sulfur by the organophosphine compound 
can be removed from the reaction mixture, conveyed to 
a container having therein the metal sul?de, and the 
regenerated organophosphorus compound returned to 
the reaction mixture to remove more sulfur. 
The removal of sulfur from coal and petroleum prod 
ucts can be made catalytic through the use of hydrogen, 
which regenerates the organophosphine compound 
from the organophosphine sul?de. The, hydrogen can 
be added directly to the reaction mixture (e. g., the or 
ganophosphorus compound and coal or petroleum 
product) wherein the organophosphorus sul?de com 
pound is formed, either as the organophosphorus sul?de 
is being formed or subsequent thereto. Alternatively, 
the organophosphorus sul?de can be removed from the 
reaction mixture, conveyed to a container wherein it is 
contacted with hydrogen, and the regenerated organo 
phosphorus compound returned to the reaction mixture 
to remove more sulfur from the coal or petroleum prod 
uct. 
DETAILED DESCRIPTION I 
The present invention provides methods for the effec 
tive and ef?cient removal of sulfur from sulfur-bearing 
materials, i.e., coal and petroleum products, such as 
coal, petroleum feedstocks, heavy petroleum residua, 
5,437,696 
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coal liquids, and discarded tires. These methods use 
organophosphorus compounds and are particularly 
effective for those materials containing a high concen 
tration of organically bound sulfur. Preferred embodi 
ments of the methods of the invention remove sulfur 
under catalytic conditions using hydrogen to regenerate 
the organophosphorus compound from the correspond 
ing organophosphorus sul?de compound, which is 
formed upon abstraction of sulfur from the coal or pe 
troleum product. 
The methods of the present invention involve com 
bining an organophosphorus compound with a sample 
of the sulfur-bearing material and heating this mixture at 
a temperature and for a time effective to remove at least 
a portion of the sulfur. Typically, a stoichiometric or 
excess amount of organophosphorus compound, based 
on the total amount of sulfur present in the sample of 
sulfur-bearing material is used in the, reaction mixture. 
Preferably, however, for solid samples of sulfur-bearing 
materials a large excess is used such that the organo 
phosphorus compound acts as an extractant and its own 
solvent. For liquid samples of sulfur-bearing material, 
an excess of the organophosphorus compound is desir 
able to improve reaction rates. 
The sulfur-bearing materials on which the methods of 
the present invention can be used are any types of solid 
or liquid coal or petroleum products, although the sul 
fur may not be removed to the same extent in all materi 
als. For example, the use of (n-Bu)3P to remove sulfur 
from Illinois No. 6 coal without prior impregnation 
results in the removal of at least about 90% of the sulfur, 
whereas only about 50-60% of the sulfur in Donna Hill 
coal can be removed under the same conditions. It is 
believed, however, that for such coals this difference 
may be a mechanical problem, which can be overcome 
by prior vacuum impregnation of the organophospho 
rus compound. That is, some coals have small channels 
into which it can be difficult for the organophosphorus 
compound to penetrate without the use of vacuum im 
pregnation techniques. 
As used herein, “coal” or “coal products” refer to 
coals and solid or liquid coal-derived products. As used 
herein, “petroleum products” refer to petroleum feed 
stocks, heavy petroleum residua, and discarded tires, for 
example, whether solid or liquid. As used herein, 
“heavy petroleum residua” refers to the components of 
petroleum feedstocks that have boiling points greater 
than 350° C. Typically, this is a liquid (e.g., semiliquid) 
product :remaining after the distillation of lower boiling 
petroleum components. It contains largely asphaltic 
hydrocarbons. Examples of sulfur-containing compo 
nents include benzothiophene and dibenzothiophene 
and their aliphatic and aromatic substituted derivatives. 
Heavy residua are also known as residual oil, asphaltum 
oil, liquid asphalt, black oil, and petroleum tailings. 
Preferably, the organophosphorus compounds, i.e., 
organophosphines and phosphites of the type typically 
used as ligands in organometallic compounds, are added 
to solid sulfur-bearing materials, particularly highly 
porous materials such as coal, while the material is 
under a reduced pressure, i.e., a pressure below that of 
atmospheric pressure. Upon restoring the mixture to 
atmospheric pressure, the organophosphorus com 
pound or mixture of different organophosphorus com 
pounds impregnate the material, e.g., coal, thereby cre 
ating better contact between the organophosphorus 
compound and the material. Preferably, the solid sulfur 
bearing material is exposed to a pressure of no greater 
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than about 200 mm Hg, more preferably no greater than 
about 50 mm Hg, and most preferably no greater than 
about 0.1 mm Hg. This reduced pressure method, i.e., 
vacuum impregnation method, is not particularly appli 
cable to liquid coal and petroleum products, although it 
could be used in certain situations if desired. 
The organophosphorus compound can be any or~ 
ganophosphorus compound of the formula PR3 or 
P(OR)3 (preferably PR3) wherein each R is indepen 
dently an aliphatic or aromatic group (preferably hav 
ing no more than about 50 carbon atoms). The organo 
phosphorus compound can be in the form of a solid or 
a liquid, preferably it is a liquid. It can also be soluble in 
water, which is advantageous in certain embodiments. 
Useable organophosphorus compounds include 
“mixed” phosphines and phosphites, i.e., those com— 
pounds in which at least two of the three R groups are 
different. Thus; in any one organophosphorus com 
pound the R groups may be the same or different. Such 
compounds are commercially available from a variety 
of sources. Examples of suitable organophosphorus 
compounds include, but are not limited to, trimethyl 
phosphine, triethyl phosphine, tri-n-propyl phosphine, 
triisopropyl phosphine, tri-n-butyl phosphine, tri-t-butyl 
phosphine, tricyclohexyl phosphine, triphenyl phos 
phine, tri-o-toyl phosphine, tri-p-tolyl phosphine, di 
methylphenyl phosphine, di-t-butylphenyl phosphine, 
trimethyl phosphite, triethyl phosphite, triisopropyl‘ 
phosphite, tri-n-butyl phosphite, tricyclohexyl phos~ 
phite, triphenyl phosphite, tri-o-tolyl phosphite, tri-p 
tolyl phosphite, and dimethylphenyl phosphite. The R 
groups may also be joined in a ring as in methyl trimeth 
ylene phosphite or methyl trimethylene phosphine. 
Preferably, each R is independently a (C1-10)aliphatic 
group or a (C5-12)aromatic group. More preferably, 
each R is independently a (C2-s)alkyl group or a (C6. 
10)aryl group. Most preferably, each R is independently 
a (C4-s)alkyl moiety. 
When the sulfur-bearing material is in the form of a 
liquid, it is advantageous to use an organophosphorus 
compound bound to a solid support, such as silica or 
alumina, or a polymer in which the organophosphorus 
compound is incorporated into the polymer. In this 
way, the organophosphorus compound can be easily 
recovered from the material. Such supported organo 
phosphorus compounds can be prepared by methods 
known in the art, such as the methods described in D. 
D. Whitehurst, Chemtech, 44 (January 1980); J. Al 
brecht et al., German Patent Document DE 4207299 A1 
(Nov. 25, l993), Chem. Abstr., 120, 1919941"; B. L. Booth 
et al., J. Chem. Soc. Dalton T rans., 1415 (1987); Y. Chen 
et al., Yingyong Huaxue, 6, l (1989), Chem. Abstr., 112, 
98793q; B. L. Booth et al., J Chem. Soc. Dalton T rans., 
2959 (1987); and R. S. Amos et al., J. Org. Chem, 49, 
2637 (1984). 
As a means of simplifying the discussion and recita 
tion of certain terminology used herein, the terms 
“group” and “moiety” are used to differentiate between 
chemical species that allow for substitution or which 
may be substituted and those that do not so allow or 
may not be so substituted. Thus, when the term “group” 
is used to describe a chemical substituent, the described 
chemical material includes the unsubstituted group and 
that group with conventional substitution. When the 
term “moiety” is used to describe a chemical substitu 
ent, only an unsubstituted chemical material is intended 
to be included. For example, the phrase “alkyl group” is 
intended to include not only pure open-chain and cyclic 
5,437,696 
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saturated hydrocarbon alkyl substituents, such as 
methyl, ethyl, propyl, n-butyl, cyclohexyl, adamantyl, 
octadecyl, and the like, but'also alkyl substituents bear 
ing further substituents known in the art, such as hy 
droxyl, alkoxy, halogen, acyl, silyl, amino, and cyano. It 
would be obvious to one of skill in the art, however, 
that certain substituents such as hydroxyl and halogen 
are not suitable for organophosphite compounds. On 
the other hand, the phrase “alkyl moiety” is limited to 
the inclusion of only pure open-chain and cyclic satu 
rated hydrocarbon alkyl substituents, such as methyl, 
ethyl, propyl, n-butyl, cyclohexyl, adamantyl, octa 
decyl, and the like. 
The organophosphorus compound and sulfur-bearing 
material combined and heated at a temperature and for 
a time effective to remove at least a portion of the sul 
fur. Preferably, the reaction mixture is heated at a tem 
perature and for a time effective to remove greater than 
about 50% of the total amount of sulfur present, 
whether it is organically or inorganically bound sulfur. 
More preferably, a suf?cient temperature and time are 
used such that at least about 70% of the sulfur, and most 
preferably at least about 90% of the sulfur, is removed. 
Typically, the reaction is carried out at a temperature of 
at least about 150° C., more preferably at least about 
200° C., and most preferably at least about 300° C. The 
time required for effective removal of sulfur can vary 
depending on the type of sulfur-bearing material, the 
amount of sulfur contained therein, the temperature of 
the reaction, the type of organophosphorus compound 
used, etc. Typically, a sample of about 1-2 grams of coal 
containing 5% total sulfur at a temperature of about 
250° C. using tri-n-butyl phosphine requires about 24 
hours to remove about 90% of the sulfur present. 
Whether prior vacuum impregnation, is used or not, 
the methods of the present invention can be made “cata 
lytic” through the use of hydrogen. By this it is meant 
that the organophosphorus compound, which typically 
forms an organophosphorus sul?de compound during 
the reaction with the sulfur-bearing material, can be 
regenerated and recycled by reaction with hydrogen 
gas. This method of using hydrogen to regenerate the 
organophosphorus compound is referred to herein as 
hydrodesulfurization. The hydrogen can be added di 
rectly to the reaction mixture, i.e., sulfur-bearing mate 
rial and the organophosphorus compound, during or 
after the heating stage of the reaction in which the 
sulfur is removed, thereby causing in situ regeneration 
of the organophosphorus compound. Alternatively, the 
organophosphorus sul?de can be removed from the 
reaction mixture, regenerated with hydrogen, and the 
regenerated organophosphorus compound directed 
back into the reaction mixture. In this way, the organo 
phosphorus compound can be used in a catalytic 
amount, i.e., an amount less than stoichiometric for the 
amount of sulfur present in the sulfur-bearing material. 
The regeneration step is carried out at a temperature 
and for a time suf?cient to remove substantially all the 
sulfur from the organophosphine sul?de compound. 
Typically, the reaction is carried out at a temperature of 
at least about 150° C., more preferably at least about 
200° C., and most preferably at least about 300° C. The 
time required for effective regeneration of the organo 
phosphorus compound can vary depending on the type 
of organophosphorus compound, the temperature of the 
._ reaction, the pressure of the reaction, etc. 
The hydrogenation of the organophosphorus sul?de 
compound to regenerate the organophosphorus com 
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pound can also be carried out in the presence of a metal 
sul?de compound or mixture of metal sul?de com 
pounds. The metal sul?de can be included within the 
reaction mixture of the sulfur-bearing coal or petroleum 
products and the organophosphorus compound, or it 
can be added subsequently to the organophosphorus 
sul?de compound after it is removed from the reaction 
mixture. If it is used directly in the reaction mixture of 
the organophosphorus compound, the sulfur-bearing 
material, and hydrogen, the metal sul?de can be added 
in the form of either a higher metal sul?de (e.g., FeS2) 
or a lower metal sul?de (e.g., FeS). If, however, the 
metal sul?de is used in a separate container to which the 
organophosphorus sul?de, compound is directed, it is 
preferably added as the lower metal sul?de (e.g., FeS). 
When a metal sul?de is used, such as FeSg, for exam 
ple, the FeS; releases a sulfur atom to hydrogen to form 
hydrogen sul?de and the resultant FeS abstracts a sulfur 
atom from the organophosphorus sulfide compound to 
regenerate the organophosphorus compound and F682. 
In this way, the metal sul?de acts as an intermediary for 
the transport of sulfur from the organophosphorus sul 
?de compound to hydrogen to form hydrogen sul?de. 
See Scheme II below. Examples of suitable metal sul 
?des include, but are not limited to, F682, C082, CuS, 
M082, WSZ, NiZS, and RuS; (the “higher” metal sul 
?des), which become FeS, CoS, C1128, MoS, WS, NiS, 
and RuS (the “lower” metal sul?des), respectively, 
upon reaction with hydrogen. In many coal and residua 
samples, iron pyrite (F682) is naturally present, and thus 
can play this intermediary role. However, if little or no 
iron pyrite is present, or if the organophosphine sul?de 
compound is removed from the reaction mixture before 
it is regenerated, for example, an amount of a lower 
metal sul?de can be added to remove sulfur from the 
organophosphine sul?de, thereby forming a higher 
metal sul?de which can produce H28 in the presence of 
hydrogen and in this way regenerate the lower metal 
sul?de. Here we use the term “lower” and “higher” 
sul?de to refer to the lower and higher ratio of sulfur to 
metal, respectively. Preferably, the metal sul?de is used 
in an amount of about 25 mole-% of that of the organo 
phosphorus compound, and the regeneration is carried 
out at a temperature of at least about 150° C., more 
preferably at least about 200° C., and most preferably at 
least about 300° C. (whether the regeneration is carried 
out in situ or in a separate container). 
The methods of the present invention using organo 
phosphorus compounds to remove sulfur from sulfur 
bearing coal or petroleum products (with or without 
prior impregnation, with or without the addition of 
hydrogen, and with or without the addition of a metal 
sul?de) can be enhanced further by heating the reaction 
mixture in the presence of a metal catalyst containing a 
metal in the +2 or +3 oxidation state. Examples of 
suitable such metals include, but are not limited to +2 
and +3 transition metals, rare earth metals, and Group 
IIIA metals. The metal can be provided to the reaction 
mixture in the form halides such as FeCl1, FeClg, car‘ 
boxylates, carbonates, sulfates, phosphates, nitrates, 
silicates, and the like. Preferably, the metal is a Group 
IIIA, VIIB, IB, and VIIIB metal in the +2 or +3 
oxidation state. More preferably, this metal is a Group 
VIIIB metal in the +3 oxidation state. Most preferably, 
Fe(III) is used to advantage. If desired, an amount of a 
+2 or +3 metal catalyst can be added to increase the 
amount of organically bound sulfur removed. Prefera 
bly, the +2 or +3 metal compound is used in an 
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amount of about 50 mole-% relative to the organophos 
phorus compound. More preferably, the +2 or +3 
metal compound is used in a catalytic amount, i.e., 
about 10 mole-%. 
The examples listed below demonstrate that: (a) Illi 
nois No. 6 coal loses about 90% of its sulfur in re?uxing 
(n-Bu)3P over a 2 day period; (b) prior vacuum impreg 
nation of (n-Bu)3P into Illinois No. 6 increases the 
amount of sulfur removed to about 99% of the sulfur 
under the same conditions; and (c) the (n-Bu)3P=S 
formed in the reaction can be converted back to (n 
Bu)3P with H2 at 300° C., with concomitant formation 
of H25, or it can be reacted with FeS at 260° C. to give 
(n-Bu)3P and FeS/FeSg, which can then be converted 
back to FeS with H2 at 400° C. 
These accomplishments allow the catalytic desulfur 
ization of coal by two routes as shown in Schemes 1 and 
2. In scheme 2, FeS; is the “higher” metal sul?de and 
FeS is the “lower” metal sul?de. 
Scheme 1 
H28 < > (ii-B193? coal (s) 
H; ‘ (n-Bu)3P=S< > coal 
Scheme 2 
n2 3 C FeSz<> > (n-Bu)3P 
H28 < > FeS (n~Bu)3P=S< 
Any of the methods of the present invention can be 
carried out in a batch process or a continuous ?ow 
process. For example, the present invention can be used 
in a large scale system in which (n-Bu)3P, for example, 
is re?uxed through an overhead bed of coal while bub 
bling H2 through the extract to carry away the H28 
from the (n-Bu)3P=S. If, for reaction rate enhance 
ment, the step of hydrogenating the organophosphorus 
sul?de (e.g., (n-Bu)3P=S) is carried out at a tempera 
ture above the boiling point of the corresponding or 
ganophosphorus compound (e.g., at about 300° C. for 
(n-Bu)3P-‘—-S, which is about 50° C. higher than the 
boiling point of (n-Bu)3P) it may be necessary to carry 
out this process in a pressure vessel or in a high-boiling 
hydrocarbon such as Nujol so that the vapor pressure of 50 
the organophosphorus compound is reduced suffi 
ciently to raise its boiling point to a temperature where 
the hydrogenation of organophosphorus sul?de be 
comes effective. Another way to raise the boiling point 
of the organophosphorus compound (PR3) is to allow 
the concentration of the organophosphorus sul?de 
((R)3P=S) to remain fairly high. Yet another approach 
is to carry out the sulfur removal at the re?uxing tem 
perature of the organophosphorus compound (e. g., 250° 
C. for (n-Bu)3P) and then to pump the extract to a high 
er-pressure vessel where hydrogenation would occur, 
with subsequent recirculation‘ back to the desulfurizing 
vessel. Still another approach is to use a higher boiling 
phosphine such as (n-Oct)3P (b.p.=4l0° C.) and use one 
vessel. 
The lifetime of the organophosphorus compound 
may be limited by eventual thermal decomposition (al 
though there is no noticeable decomposition during 
8 
runs lasting a few days in length). There could also be a 
build-up of (R)3P=O; however, this can be isolated by 
distilling; off the (PR); and then reducing (R)3P=O 
with a silane such as Cl3SiH (followed by a normal 
organic preparational work up) and recovery of the 
PR3. 
To apply Scheme 2, one could envision pumping the 
(n-Bu)3P/(n-Bu)3P=S into an FeS-containing reactor 
at 320° C., for example, to convert FeS to FeS; and 
(n-Bu)3PS to (n-Bu)3P and then ?ltering and pumping 
the (n-Bu)3P back to the desulfurizing vessel while the 
FeS; was being hydrogenate. This could then be a batch 
rather than continuous operation (and would only be 
preferable if for some reason Scheme 1 was not desir 
able). Other metal sul?de systems could be used such as 
COS2, CuS and M052, for example. 
The FeCl3-catalyzed desulfurization of DBT by (n 
Bu)3P could also be applied to other sulfur-containing 
materials, e.g., heavy residua. Heating these residua 
with H; and catalytic amounts of (n-Bu)3P and FeCl3 at 
300° C., for example, should generate (n-Bu)3P=S 
which would be hydrogenated back to (n-Bu)3P in the 
presence of the H2. When desulfurization is complete, 
the (n-Bu)3P could be distilled (250° C.) out of the reac 
tion mixture to leave the desulfurized residuum. The 
catalytic FCC13 or its reaction products would remain in 
the desulfurized residuum and if it is insoluble, could be 
coal (S) 
> coal 
?ltered off. It may be possible to select Fe(III) salts (or 
other catalytically active metal salts) that are insoluble 
to allow easy separation of the residuum from the heter 
ogeneous catalyst. 
Rather than using catalytic amounts of (n-Bu)3P, for 
example, the residuum could be treated with excess 
(n-Bu)3P and catalytic amounts of‘ Fe'Cl3. After desul 
furization, the (n-Bu)3P=S and unreacted (n-Bu)3P 
could be distilled (340° C.) from the desulfurized resid 
uum. The (n-Bu)3P=S could then be reduced with H; 
at 300° C. to give back (n-Bu)3P which would be re 
used to desulfurize another batch of residuum. Simi 
larly, lighter residues could be hydrodesulfurized by 
phosphines lower boiling than (n-Bu)3P. 
Discarded tires, which are currently a signi?cant 
environmental problem, could be desulfurized by the 
methods described herein. Thus, by melting the rubber, 
the process would be similar to that described for heavy 
residua. By pulverizing the tire, the process would be 
similar to that described for Illinois No. 6 coal, thus 
allowing desulfurization to occur at lower temperatures 
than by melting the rubber. Since it is well known that 
many organic materials swell rubber, some triorgano 
phosphines are also likely to do so, perhaps obviating 
the necessity to pulverize or melt the rubber. 
Another approach to removing sulfur from liquid 
organic materials is to use an organophosphine that is 
soluble in both organic media as well as water. After the 
sulfur has reacted to make the corresponding sul?de, 
the desulfurized organic material is extracted with wa 
ter, which will remove the organophosphine sul?de for 
treatment with hydrogen and subsequent recycling, and 
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will also extract the metal +2 or +3 catalyst if it is 
used. Water soluble organophosphines are well known 
in the art and are characterized by the presence of water 
solubilizing groups such as sulfonate, hydroxyl, amino, 
ethylene glycol ether (OCHZCHZO) or carboxyl func 
tionalities. Syntheses for such phosphines are well 
known in the art. See, for example, F. Mercier et al., J. 
Organornet. Chem, 462, 103 (1993); D. Darensbourg et 
al., Inorg. Chem, 33, 175 (1994); and T. N. Mitchell et 
al., J. Organomet. Chem, 436, 43 (1992). In this embodi 
ment, the organophosphorus compounds are suf? 
ciently soluble in water to allow for effective extraction 
by water. 
As stated previously, the methods of the present in 
vention can be applied to a variety of sulfur-containing 
materials, whether solid or liquid. They are particularly 
applicable to coal and petroleum products with large 
amounts of organically bound sulfur. Furthermore, 
signi?cant advantage is realized when reduced pres 
sures are used with porous solid sulfur-bearing materi 
als. Also, the methods of the present invention are ad 
vantageous because elevated pressures are not generally 
used or desired. 
The invention will be further described by reference 
to the following detailed examples. These examples are 
offered to further illustrate the various speci?c and 
preferred embodiments and techniques. It should be 
understood, however, that many variations and modi? 
cations may be made while remaining within the scope 
of the present invention. 
Experimental Examples 
Illinois No. 6 coal (80 mesh) was kept in a dry box 
?lled with nitrogen. (n-Bu)3P (90%, Aldrich Chemical 
Co., Milwaukee, Wis.) was distilled before use (b.p. 
55°—60° C., 0.1 mm Hg). Ph3P (Aldrich) was recrystal 
lized from ether and pentane. FeS (Aldrich), dibenzo 
thiophene (Johnson and Mathey, Wardhill, Mass.) and 
(n-Oct)3P (Alfa, a division of Johnson and Mathey, 
Wardhill, Mass.) were used as received. Anhydrous 
FeClg was prepared by reacting FeCl3.6H1O with ex 
cess 2,2-dimethoxypropane for 20 hours at room tem 
perature, followed by ?ltering and drying under vac 
uum. (n-Bu)3P=S was prepared by reacting (n-Bu)3P 
with an equivalent of elemental sulfur at 0° C. for 1 hour 
in pentane. The pentane was removed under vacuum 
and the (n-Bu)3P=S was distilled under reduced pres 
sure (b.p. 80°-85° C. at 0.05 mm Hg). Ph3PCI-I3I, the 31 
PMR quantitation standard, was prepared by dissolving 
Ph3P in CH3CN and adding an equimolar amount of 
CH3I at 0° C. The precipitated solid was ?ltered and 
recrystallized from CH3CN and ether. Iron pyrite 
(F652) was obtained from the Iowa State University 
Geology Department and was powdered to approxi 
mately 200 mesh size. Coal-derived pyrites were ob 
tained from Iowa Childer’s coal. 
Acetonitrile was dried and distilled over P4010 and 
Cal-I2 and was then stored over CaH2. Pyridine was 
dried and distilled over CaHz and stored over molecular 
sieves. All reactions and other manipulations were car 
ried out in an inert atmosphere of nitrogen using 
Schlenk lines and Schlenk glassware. 
Sulfur analyses of the PRg/coal extracts and 
PR3/dibenzothiophene reaction mixtures were carried 
out using quantitative 31P NMR techniques described in 
T. Mohan et al., Energy and Fuels, 7, 222 (1993), which 
is incorporated herein by reference. An aliquot of the 
reaction extract was dissolved in anhydrous pyridine (4 
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mL) in a 10 mm NMR tube containing a known amount 
of Ph3PCH3I as an internal standard. From the integral 
value of the 31P NMR resonance for (n-Bu)3P=S or 
(n-Oct) 3P=S, the total amount of sulfur extracted was 
calculated. An aliquot of extract was also sealed in a 
tube under vacuum for sulfur analysis. 
EXAMPLE 1 
Reaction of Illinois No. 6 Coal with (n-Bu)3P Without 
Prior Vacuum Impregnation 
(n-Bu)3P (5 mL) was added to Illinois No. 6 coal 
(0.959 g) in a 50 mL Schlenk ?ask and the contents were 
re?uxed (250° ) for 2 days under a nitrogen atmosphere. 
The reaction mixture was brought to room temperature 
and ?ltered. Using a syringe, 1 mL of the ?ltrate was 
removed and dissolved in dry pyridine (4 mL) contain 
ing Ph3PCH3I (0.018 g; 0.044 mmol) as the internal 
standard in a 10 mm NMR tube. The 31P NMR analysis 
was carried out and from the integral value of the 31 P 
NMR resonance for the (n-Bu)3P=S, the total amount 
of sulfur extracted was found to be 91%. 
A similar reaction was reported by J. Hoots, Ph.D. 
Thesis, University of Illinois (1984) using Spring?eld 
No. 5 coal, anhydrous Nujol, and (n-Bu)3P at 260°—270° 
C. for 2 hours. This resulted in only 50% sulfur extrac 
tion. 
EXAMPLE 2 
Reaction of Illinois No. 6 Coal with (n-Bu)3P With 
Prior Vacuum Impregnation 
Illinois No. 6 coal (2.048 g) was placed in a 50 mL . 
Schlenk ?ask which was then evacuated to 0.1 mm Hg. 
Through a septum, (n-Bu)3P (5 mL) was added and the 
contents stirred for % hour at room temperature. The 
?ask was brought to atmospheric pressure with a nitro 
gen atmosphere and then the reaction mixture was re 
?uxed for 2 days. The ?ask was then brought back to 
room temperature and the mixture ?ltered. A 1 mL 
portion of the extract was subjected to 31 P NMR analy 
sis using Ph3PCH3I (0.024; 0.059 'mmol) as the internal 
standard. From the 31 P NMR integral of the (n 
Bu)3P=S peak, the amount of sulfur extracted was 
found to be 99%. 
EXAMPLE 3 
Hydrogenation of (n-Bu)3P = S 
(n-Bu)3P=S (0.48 g; 2.5 mmol) was placed in a quartz 
weighing boat which was inserted into a quartz tube. 
Hydrogen gas was slowly passed through one end of 
the tube. The other end was connected to an ice trap (to 
condense any escaping (n-Bu)3P vapor) and then to an 
ammoniacal solution of Zn(NO3)2_ The quartz tube was 
slowly heated to 300° C. Within about i hour at 300° C., 
the Zn(NO3)2 solution became turbid. This turbidity 
increased gradually with time. This implied the forma 
tion of ZnS obtained by the reaction of Zn(NO3)2 with 
HZS liberated by reduction of (n-Bu)3P= S by H2. Since 
some evaporation of (n-Bu)3P=S was unavoidable 
under these conditions, the reaction was not quanti?ed. I 
EXAMPLE 4 
Reaction of (n-Bu)3P=S with FeS 
Powdered FeS (0.264 g; 3.00 mmol) of approximately 
200 mesh was placed in an 8 mm tube and (n-Bu)3P=S 
(1.000 g; 4.310 mmol) was added. The tube was evacu 
ated to 0.1 mm Hg and then it was ?ame sealed. The 
contents were heated at 320° C for 17 hours after which 
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the reaction mixture was dissolved in dry pyridine (4 
mL), ?ltered, and the ?ltrate subjected to 31 P NMR 
analysis. The 31 P NMR spectrum showed a resonance 
for (n-Bu)3P at -—32 ppm whose integral indicated that 
about 10% of this compound had formed. The peak for 
unreacted (n-Bu)3P=S appeared at 49 ppm. 
EXAMPLE 5 
Reaction of (n-Bu)3P with FeS; 
Powdered F652 (0.524 g, 4.37 mmol) of approxi 
mately 200 mesh was placed in an 8 mm tube. To this 
was added (n-Bu)3P (1.5 mL) and then the tube was 
evacuated to 0.1 mm Hg. The tube was ?ame sealed and 
heated at 280° C. for 15 hours. The contents were then 
mixed with dry pyridine (4 mL) and ?ltered. The 31P 
NMR spectrum of the ?ltrate was taken with Ph3PCH3I 
(0.014 g, 0.036 mmol) as the internal standard. From the 
integral value of the 31P resonance for the (n-Bu)3P=S, 
the amount of sulfur extracted from FeSz was calcu 
lated to be 37%. The elemental sulfur analysis of the 
extract showed a similar value (38.56%). 
EXAMPLE 6 
Reaction of (n-Bu)3P With Coal-Derived Pyrites 
A coal-derived pyrite sample (1.0517 g) was refluxed 
with (n-Bu)3P (4 mL) for 17 hours. The reaction mix 
ture was then brought to room temperature and ?ltered. 
An aliquot (1 mL) of the extract was dissolved in 
CDCl3 (4 mL) containing Ph3PCH3I (0.025 g; 0.061 
mmol) as the internal standard. From the 31F integral of 
the resonance for (n-Bu)3P=S, the sulfur extracted was 
calculated to be 84%. 
EXAMPLE 7 
Reactions of (n-Bu)3P with dibenzothiophene (DBT) 
a) With no metal catalyst 
Dibenzothiophene (0.202 g; 1.10 mmol) was re?uxed 
with (n-Bu)3P (2 mL) for 17 hours. The reaction mix 
ture was dissolved in CDC13 (2 mL). Its 31P NMR spec 
trum revealed no peak for (n-Bu)3P=S. 
b) With graphite as a potential catalyst 
The above experiment was repeated with graphite as 
a potential catalyst. However, no 31p NMR peak for 
(n-Bu)3P=S was observed in the reaction mixture. 
0) With Fe(0) generated as a potential catalyst 
Elemental sodium (0.163 g; 7.09 mmol) was added to 
a solution of naphthalene (0.908 g, 7.09 mmol) in THF 
(15 mL). The reaction mixture slowly developed a dark 
greenish blue color. After 15 hours, the solution became 
clear. This solution was added to a mixture of FeCl; 
(0.384 g, 2.37 mmol), DBT (0.435 g; 2.37 mmol), and 
(n-Bu)3P (3.82 mL) in toluene (10 mL). The reaction 
mixture became dark brown. After stirring for 10 hours 
at room temperature, the solution was concentrated to 
about 5 mL. The 31P NMR spectrum was taken with 
Ph3PCH3I as internal standard but no peak for (n 
Bu)3P=S was observed. 
d) With FeClz as a potential catalyst 
FeClg (0.099 g; 1.1 mmol) was mixed with DBT 
(0.554 g; 3.01 mmol) in a 50 mL Schlenk ?ask. To this, 
(n-Bu)3P (5 mL) was added and the contents were re 
?uxed for 17 hours. The reaction mixture was then 
?ltered and the extract was dissolved in pyridine (4 mL) 
containing Ph3PCH3I (0.014 g, 0.035 mmol). The 31P 
,_ spectrum of this mixture showed a peak for the (n 
Bu)3P=S. From the integral, the amount of sulfur ex 
tracted was calculated to be 4.2%. 
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e) With anhydrous FeCl3 
DBT (0.095 g; 0.52 mmol) was mixed with anhydrous 
F6Cl3 (0.023 g; 0.14 mmol) and (n-Bu)3P (3 mL). The 
reaction mixture immediately turned violet and upon 
re?uxing this color slowly faded to yellow orange. 
After 17 hours, the reaction mixture was cooled to 
room temperature and 1 mL of it was subjected to 31P 
NMR spectroscopy with Ph3PCH3I (0.039 g; 0.097 
mmol) as the internal standard. From the 31F integral of 
the resonance for (n-Bu)3P=S, the total amount of 
sulfur removed was calculated to be 98%. 
EXAMPLE 8 
Reaction of Illinois No. 6 with PPh3 
Illinois No. 6 coal (3.034 g) was mixed well with Ph3P 
(3.200 g; 0.01300 mol). The mixture was re?uxed (370° 
C.) for 2 days, after which it was cooled to room tem 
perature and extracted with THE (3 X 5 mL). The THF 
washings were evaporated, dissolved in CDC13 (4 mL), 
and then the 31P NMR spectrum was taken with 
Ph3PCH3I (0.028 g; 0.069 mmol) as the internal stan 
dard. From the integral of the resonance for Ph3P=S, 
the total amount of sulfur extracted was calculated to be 
0.43%. It is believed that this value could be improved 
by evacuating the mixture at room temperature, melting 
the Ph3P and then bringing the system back to atmo 
spheric pressure before re?uxing. 
EXAMPLE 9 
Reaction of (n-Oct)3P With Illinois No. 6 Coal 
Illinois No. 6 coal (1.618 g) was re?uxed (410° C.) 
with (n-Oct)3P (4 mL) for 2 days. The reaction mixture 
was then ?ltered (?ltration was quite difficult due to the 
viscosity of the extract). The viscous extract was dis 
solved in 0.3 mL of pyridine and then 1 mL of this 
solution was subjected to 31P NMR spectroscopy with 
Ph3PCH3I (0.013 g; 0.032 mmol) as the internal stan 
dard. From the 31P integral of the resonance for (n 
Oct)3P=S, the total amount of sulfur extracted was 
calculated to be 80%. 
EXAMPLE 10 
Hydrogenation of FeS; 
Powdered FeS2 (1.141 g, 1.00 mmol) was placed in a 
weighing boat which was then inserted into a quartz 
tube. Through one end of the tube, H2 gas was slowly 
passed. The other end of the tube was connected to an 
ammoniacal solution of Zn(NO3)2_ The tube was heated 
at 400° C. in a tube furnace for 9 hours. The Zn(NO3)2 
solution became turbid and produced a white precipi 
tate owing to the formation of ZnS. After 9 hours, the 
tube was brought back to room temperature. The 
amount of the residue (0.752 g) corresponded to a loss 
of close to one sulfur atom from FeS?“ This was substan 
tiated by the X-ray powder pattern of the solid residue 
which showed lines for FeS only. 
EXAMPLE 11 
Continuous Flow Hydrodesulfurization 
To 4.0 mL of (n-Oct)3P was added 1.6 g of Illinois 
No. 6 coal. The mixture was re?uxed (410° C.) while 
Hz was bubbled through the mixture. The ef?uent gas 
was passed through a Zn(NO3)2 solution. Over a period 
of 17 hours a white precipitate of ZnS was noted to 
form in the Zn(NO3)2 solution. 
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EXAMPLE 12 
Reaction of Donna Hill Coal With (n-Bu)3P Without 
Prior Vacuum Impregnation 
(n-Bu)3P (5 mL) was added to Donna, Hill coal (0.959 
g) in a 50 mL Schlenk ?ask and the contents were re 
?uxed (250° C.) for 2 days. The reaction mixture was 
brought to room temperature and ?ltered. Using a sy 
ringe, 1 mL of the ?ltrate was removed and dissolved in 
dry pyridine (4 mL) containing Ph3PCH3I (0.018 g; 
0.044 mmol) as the internal standard in a 10 mm NMR 
tube. The 31P NMR analysis was carried out and from 
the integral value of the 31P NMR resonance for the 
(n-Bu)3P=S, the total amount of sulfur extracted was 
found to be 57%. 
EXAMPLE 13 
Reaction of Spanish Lignite With (n-Bu)3P Without 
Prior Vacuum Impregnation 
(n-Bu)3P (5 mL) was added to Spanish Lignite coal 
(0.959 g) in a 50 mL Schlenk ?ask and the contents were 
re?uxed (250° C.) for 2 days. The reaction mixture was 
brought to room temperature and ?ltered. Using a sy 
ringe, 1 mL of the filtrate was removed and dissolved in 
dry pyridine (4 mL) containing Ph3PCH3I (0.018 g; 
0.044 mmol) as the internal standard in a 10 mm NMR 
tube. The 31P NMR analysis was carried out and from 
the integral value of the 31P NMR resonance for the 
(n-Bu)3P=S, the total amount of sulfur extracted was 
found to be 91%. 
Discussion of Results 
Illinois No. 6 coal contains a total of 4.73% sulfur of 
which 35.96% is organic, 63.47% is pyritic sulfur 
(FeSg), and 6.57% is present as 8042-. The removal of 
99% of the total sulfur (Example 2) implies that virtu 
ally all of the organic sulfur, including thiophenic sul 
fur, is extracted by the (n-Bu)3P. This was unexpected 
because a separate experiment (Example 7a) did not 
result in the removal of any detectable sulfur from DBT 
using (n-Bu)3P under the same conditions. Surprisingly, 
however, addition of a catalytic amount of Illinois No. 
6 resulted in 28% sulfur extraction from DBT. To de 
termine whether this was a surface phenomenon, graph 
ite was used instead of the coal, but it induced no detect 
able sulfur extraction from DBT (Example 7b). To 
determine whether it might be iron that catalyzes sulfur 
removal from DBT (iron is present in an amount of 
about 0.80% in Illinois No. 6), Fe(0) was used, which 
resulted in 0% sulfur removal (Example 70), as was 
FeClz, which resulted in less than 5% sulfur removal 
(Example 7d). However, when a catalytic amount of 
FeCl; was used, the sulfur was removed quantitatively 
from DBT (Example 7e). 
The removal of 99% of the total sulfur from Illinois 
No. 6 with (n-Bu)3P also implies that virtually all of the 
inorganic sulfur is removed. Since most (63.47%) of the 
inorganic sulfur is present as FeSZ, this was surprising 
because it had been previously reported that the treat 
ment of FeSz with (n-Bu)3P at a temperature 10° C. 
higher resulted in only 50% sulfur removal, giving FeS 
(J. Hoots, Ph.D. Thesis, University of Illinois (1984)). 
Moreover, when the J. Hoots experiment was repeated, 
only 37% of the sulfur was extracted (Example 5). On 
the other hand, when a sample of coal~derived pyrite 
(rather than pure F652) was treated with (n-Bu)3P, 84% 
. of the sulfur was removed (Example 6). 
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Other coals, such as Donna Hill (2.71% S, 7.75% 
iron) and Spanish Lignite (9.31% S, 1.26% iron) were 
desulfurized using the method of the invention (without 
vacuum impregnation) but not to the same extent as was 
Illinois No. 6. It is believed that this was due to mechan 
ical factors rather than, or in addition to, chemical fac 
tors. It is further believed that these values could be 
increased if the coal were ?rst vacuum impregnated 
with the organophosphorus compound. 
Other phosphorus-containing compounds were used, 
such as P4 (re?uxed in toluene for 24 hours) and 
P(NMe2)3 (15 hours at 50° C.); but with no removal of 
sulfur. Thus, useful organophosphorus compounds are 
those containing only P—C or P—O bonds. 
The complete disclosure of all patents, patent docu 
ments, and publications cited herein are incorporated by 
reference. The foregoing detailed description and exam 
ples have been given for clarity of understanding only. 
No unnecessary limitations are to be understood there 
from. The invention is not limited to the exact details 
shown and described, for variations obvious to one of 
skill in the art will be included within the invention 
de?ned by the claims. 
What is claimed is: 
1. A method for the removal of sulfur from solid 
sulfur-bearing materials comprising: 
(a) exposing a sample of the solid sulfur-bearing mate 
rial to a reduced pressure; 
(b) contacting the sample of solid sulfur-bearing ma 
terial under a reduced pressure with an organo 
phosphorus compound of the formula PR3 or 
P(OR)3, wherein each R is independently an ali 
phatic or aromatic group; and 
(c) heating the mixture of the solid sulfur-bearing 
material and organophosphorus compound at a 
temperature and for a time suf?cient to remove at 
least a portion of the sulfur. 
2. The method of claim 1 wherein each R is indepen 
dently a (C1-50)aliphatic group or a (C5.50)aromatic 
group. _ 
3. The method of claim 2 wherein the organophos 
phorus compound is water soluble. 
4. The method of claim 2 wherein R is a (C2_8)alkyl 
group or a (C5.10)aryl group. 
5. The method of claim 1 wherein the step of heating 
includes heating the mixture in the presence of a metal 
catalyst having a metal in the +2 or +3 oxidation state. 
6. The method of claim 5 wherein the step of heating 
includes heating the mixture in the presence of hydro 
gen. 
7. The method of claim 1 wherein the step of heating 
includes heating the mixture in the presence of hydro 
gen. 
8. The method of claim 7 wherein the step of heating 
includes heating the mixture in the presence of a metal 
sul?de. 
9. A method for the removal of sulfur from liquid 
sulfur-bearing materials comprising: 
(a) contacting a sample of the liquid sulfur-bearing 
material with an organophosphorus compound of 
the formula PR3 or P(OR)3, wherein each R is 
independently an aliphatic or aromatic group; and 
(b) heating the mixture of the liquid sulfur-bearing 
material and organophosphorus compound at a 
temperature and for a time suf?cient to remove at 
least a portion of the sulfur. 
5,437,696 
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10. The method of claim 9, wherein each R is inde 
pendently a (C1_5o)aliphatic group or a (C5-5o)aromatic 
group. 
11. The method of claim 10 wherein the organophos 
phorus compound is soluble in water. 
12. The method of claim 9 wherein the organophos 
phorus compound is bound to a solid support. 
13. The method of claim 9 wherein the step of heating 
includes heating the mixture in the presence of a metal 
catalyst having a metal in the +2 or +3 oxidation state. 
14. The method of claim 9 wherein the step of heating 
includes heating the mixture in the presence of hydro 
gen. 
15. The method of claim 14 wherein the step of heat 
ing includes heating the mixture in the presence of a 
metal sul?de. 
16. A method for the removal of sulfur from sulfur 
bearing materials comprising: 
(a) contacting a sample of the sulfur-bearing material 
with an organophosphorus compound of the for 
mula PR3 or P(OR)3, wherein each R is indepen 
dently an aliphatic or aromatic group; and 
(b) heating the mixture of the sulfur-bearing material 
and organophosphorus compound at a temperature 
and for a time suf?cient to remove greater than 
about 50% of the total sulfur. 
17. The method of claim 16 wherein at least about 
70% of the total sulfur is removed. 
18. The method of claim 16 wherein at least about 
90% of the total sulfur is removed. 
19. The method of claim 16 wherein each R is inde 
pendently a (C1.so)aliphatic group or a (C5-5o)aromatic 
group. 
20. The method of claim 16 wherein the step of heat 
ing includes heating the mixture in the presence of a 
metal catalyst having a metal in the +2 or + 3 oxidation 
state. - 
21. The method of claim 16 wherein the step of heat 
ing includes heating the mixture in the presence of hy 
drogen. 
22. The method of claim 21 wherein the step of heat 
ing includes heating the mixture in the presence of a 
metal sul?de. 
23. The method of claim 16 wherein the organophos 
phorus compound is water soluble. 
24. A method for the removal of sulfur from sulfur 
bearing materials comprising: 
(a) contacting a sample of the sulfur-bearing material 
with an organophosphorus compound of the for 
mula PR3 or P(OR)3, wherein each R is indepen 
dently an aliphatic or aromatic group; 
(b) heating the mixture of sulfur-bearing material and 
organophosphorus compound at a temperature and 
for a time suf?cient to remove at least a portion of 
the sulfur from the sulfur-bearing material and 
form an organophosphorus sul?de compound; and 
(c) heating the organophosphorus sul?de compound 
in the presence of hydrogen at a temperature and 
for a time suf?cient to regenerate the organophos 
phorus compound. 
25. The method of claim 24 wherein the organophos 
phorus‘sul?de compound is removed from the reaction 
mixture prior to heating it in the presence of hydrogen. 
26. The method of claim 24 wherein the heating steps 
(b) and (c) occur simultaneously in one reaction mix 
._ ture. 
27. The method of claim 24 wherein the heating steps 
are carried out at a temperature of at least about 150° C. 
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28. The method of claim 24 wherein the step of heat 
ing the mixture of sulfur-bearing material and the or 
ganophosphorus compound includes heating in the 
presence of a metal catalyst containing a metal in the 
+2 or +3 oxidation state. 
29. The method of claim 28 wherein the organophos 
phorus compound is present in a catalytic amount and 
the heating steps are carried out simultaneously in one 
reaction mixture. 
30. The method of claim 28 wherein the organophos 
phorus compound is present in an excess amount and 
the organophosphorus sul?de compound is removed 
from the reaction mixture prior to heating it in the pres 
ence of hydrogen. 
31. The method of claim 24 wherein the step of heat 
ing the mixture of sulfur-bearing material and the or 
ganophosphorus compound includes heating in the 
presence of a metal sul?de. 
32. The method of claim 24 wherein the step of con 
tacting the sulfur-bearing material with an organophos 
phorus compound is carried out while the sulfur-bear 
ing material is under a reduced pressure. 
33. The method of claim 24 wherein the organophos 
phorus compound is water soluble. 
34. A method for the removal of sulfur from sulfur 
bearing materials comprising: 
(a) contacting a sample of the sulfur-bearing material 
with an organophosphorus compound of the for 
mula PR3 or P(OR)3, wherein each R is indepen 
dently an aliphatic or aromatic group; 
(b) heating the mixture of sulfur-bearing material and 
organophosphorus compound at a temperature and 
for a time suf?cient to remove greater than about 
50% of the total sulfur and form an organophos 
phorus sul?de compound; 
(c) heating the organophosphorus sul?de compound 
in the presence of a lower metal sul?de compound 
to form a higher metal sul?de compound and re 
generate the organophosphorus compound; and 
(d) heating the higher metal sul?de compound in the 
presence of hydrogen at a temperature and for a 
time suf?cient to form hydrogen sul?de and regen 
erate the lower metal sul?de compound. 
35. The method of claim 34 wherein each R is inde 
pendently a (C1.50)aliphatic group or a (C5-5o)aromatic 
group, 
36. The method of claim 34 wherein the step of con 
tacting the sulfur-bearing material with the organophos 
phorus compound is carried out while the coal or petro 
leum product is under a reduced pressure. 
37. The method of claim 34 wherein the organophos 
phorus compound is bound to a solid support. 
38. The method of claim 34 wherein the organophos 
phorus compound is water soluble. 
39. A method for the removal of sulfur from sulfur 
bearing material comprising: 
(a) contacting a sample of the sulfur-bearing material 
with an organophosphorus compound of the for 
mula PR3 or P(OR)3, wherein each R is indepen 
dently an aliphatic or aromatic group; 
(b) heating the mixture of sulfur-bearing material and 
organophosphorus compound in the presence of a 
metal catalyst containing a metal in the +2 or +3 
oxidation state at a temperature and for a time 
suf?cient to remove at least a portion of the sulfur. 
40. The method of claim 39 wherein each R is inde 
pendently a (C1_50)aliphatic group or a (C5-50)aromatic 
group. 
5,437,696 
17 
41. The method of claim 39 wherein the organophos 
phorus compound is water soluble. 
42. The method of claim 39 wherein the organophos 
phorus compound is bound to a solid support. 
43. The method of claim 39 wherein the step of con 
tacting the sulfur-bearing material with the organophos 
phorus compound is carried out while the coal or petro 
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leum product is under a pressure of no greater than 
about 0.1 mm Hg. 
44. The method of claim 39 wherein the organophos 
phorus compound is present in a catalytic amount and 
the mixture includes hydrogen. 
45. The method of claim 39 wherein the heating steps 
are carried out at a temperature of at least about 150° C. 
* * * * * 
UNITED STATES PATENT AND TRADEMARK OFFICE 
CERTIFICATE OF CORRECTION 
PATENT NO.: 5,437,696 
DATED: August 1, 1995 
lNVENTOR(S): Verkade et al. 
It is certi?ed that error appears in the above-identi?ed patent and that said Letters Patent is hereby 
corrected as shown below: 
Col. 1, line 18, delete “chart-ing” and insert --char-ring- 
Col. 1, line 38, delete “FeS2” and insert --FeS2- 
Col. 1, line 39, delete “(n-Bu)3P” and insert -~(n-Bu)3P- 
Col. 2, line 10, delete "PR3" and insert --PR3- 
Col. 2, line 10, delete “P(OR)3” and insert --P(OR)3- 
Col. 6, line 25, delete "C082" and insert --CoS2- 
Col. 8, line 12, delete "hydrogenate" and insert --hydrogenated- 
Col. 8, line 16, delete "C082" and insert --CoS2- 
Col. 9, line 8, delete "Organomet" and insert --Organomet- 
Col. 9, line 41, delete "FeCl3.6H2O" and insert --FeCl3-6H2O- 
Col. 10, line 20, delete “(n-Bu)3P” and insert --(n-Bu)3P- 
Col. 12, line 33, delete “(n-Oct)3P" and insert --(n-Oct)3P- 
Signed and Sealed this 
Seventeenth Day of June, 1997 
Atlesl: 6%“ W 
BRUCE LEHMAN 
